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By using parametric down-conversion process with a strong signal field injection, we demonstrate coherent
frequency down-conversion from a pump photon to an idler photon. Contrary to a common misunderstanding,
we show that the process can be free of quantum noise. With an interference experiment, we demonstrate that
the coherence is preserved in the conversion process. This may lead to a high fidelity quantum state transfer
from high frequency photon to low frequency photon and connects a missing link in a quantum network.
With this scheme of coherent frequency down-conversion of photons, we propose a method of single-photon
wavelength division multiplexing. c© 2018 Optical Society of America
OCIS codes: 270.0270, 190.0190, 190.4410, 270.5565.
Photons are generally believed to be good quantum in-
formation carriers for transmission and are dubbed the
term “flying qubits” whereas atoms are best for stor-
ing and processing the quantum information. Therefore,
a quantum network usually consists of nodes made of
atoms and connected by photons [1]. In the network,
quantum information is constantly transferred between
photons and atoms and transmitted between atoms via
photons. Because quantum information is sensitive to
losses, minimum losses are required in the network. How-
ever, in current technology, atoms interact best with pho-
tons of wavelength around 0.8µm [1, 2] whereas optical
communication system has low losses at 1.6µm [3]. So
there is a mismatch between the atomic transition wave-
length and the optical transmission wavelength. Thus, it
is necessary to convert photons from one wavelength to
another in order to set up the quantum network.
Quantum information transfer between atoms and
photons has been realized [4] in a near-resonance Ra-
man system based on the electromagnetically induced
transparency (EIT) effect [5–10]. For the photonic state
transfer between different wavelengths, frequency up-
conversion process was realized many years ago [11–16],
based on sum-frequency generation but none was re-
ported for frequency down-conversion. This is so because
current research focus is on up-converting photons at op-
tical communication wavelength (∼ 1.6µm) to shorter
wavelength (∼ 0.8µm) for photon counting in quantum
cryptography [16] – detectors at 1.6µm are just far more
noisy than those at 0.8µm. Moreover, the noise behavior
in parametric dow-conversion process [17] leads to the
belief that it is impossible to have high fidelity quantum
state transfer in frequency down-conversion process [12].
So, frequency down-conversion seems to be the missing
link in a quantum network. Frequency conversion was
also achieved in four-wave mixing via Bragg scattering
in fiber [18, 19]. But because phonons are involved, the
frequency shift is relatively small.
In this letter, we study a parametric down-conversion
scheme for photon frequency down-conversion and quan-
tum information transfer. We will demonstrate that con-
trary to some misunderstanding about parametric down-
conversion, noise-free photon frequency down-conversion
is achievable in this process. We implement a proof-of-
principle experiment and show that quantum coherence
is preserved in the process.
The parametric frequency down-conversion process is
usually described by the Hamiltonian [20–23]:
HˆPA = ih¯ηApaˆ
†
saˆ
†
i − ih¯η
∗aˆsaˆiA
∗
p, (1)
where Ap is the strong pump field and usually is treated
as a classical field. “s, i” stand for “signal” and “idler”
fields for historic reason. This leads to the evolution
equation for parametric amplifier:
aˆ(out)s = Gaˆs + gaˆ
†
i , aˆ
(out)
i = Gaˆi + gaˆ
†
s, (2)
where G ≡ cosh |ηAp|τ is the amplitude gain and g ≡
−ejϕp sinh |ηAp|τ . The appearance of the aˆ
†-terms in
Eq.(2) leads to spontaneous quantum noise and the be-
lief that frequency down-conversion is noisy and cannot
preserve quantum coherence [12, 17].
On the other hand, there is another regime of opera-
tion in which we inject strong signal field. This regime
is often ignored because of gain saturation: the ampli-
fication of the strong signal field requires more energy
from the pump field which eventually will be depleted.
In this regime of operation, the spontaneous emission
for frequency down-conversion is negligible and we may
achieve a noiseless frequency down-conversion of pho-
tons. We will show this more rigorously in the following.
When the pump field is depleted, we can no longer use
the evolution equations in Eq.(2). We need to start with
a Hamiltonian for three-wave mixing:
Hˆ3W = ih¯ηaˆpaˆ
†
saˆ
†
i − ih¯η
∗aˆsaˆiaˆ
†
p. (3)
Here the pump field is also treated quantum mechani-
cally. If the “signal” field is very strong, as in our case
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Fig. 1. Schematics for the demonstration of frequency
down-conversion. X2: frequency doubling; DM: dichroic
mirror; PZT: piezoelectric transducer; ATT: attenuator;
D: photo-detector.
here, we can treat it as a classical field and replace it with
a constant As. The pump field and the “idler” field are
quantum fields. So the Hamiltonian in Eq.(3) becomes
HˆFC = ih¯ηaˆpaˆ
†
iA
∗
s − ih¯η
∗Asaˆiaˆ
†
p. (4)
The evolution of the pump and the “idler” fields is ex-
actly that for a beam splitter [24] and is given by [20,21]
aˆ
(out)
p = aˆp cos |ηAs|τ + e
jϕs aˆi sin |ηAs|τ,
aˆ
(out)
i = aˆi cos |ηAs|τ − e
−jϕs aˆp sin |ηAs|τ, (5)
where ejϕs = η∗As/|ηAs| and τ is the interaction time.
When |ηAs|τ = pi/2, we have aˆ
(out)
p = ejϕs aˆi and
aˆ
(out)
i = −e
−jϕs aˆp. So we may achieve quantum field
conversion between aˆi and aˆp with unit conversion ef-
ficiency. Note that both the frequency down-conversion
of aˆp → aˆ
(out)
i and up-conversion of aˆi → aˆ
(out)
p co-exist
and it all depends on what the input field is.
In the non-ideal case when |ηAs|τ < pi/2, Eq.(5) is
simply a beam splitter equation, which mixes the two
inputs together coherently. The transmissivity is simply
t ≡ cos |ηAs|τ and the reflectance r ≡ sin |ηAs|τ .
Next, we describe a proof-of-principle demonstration
experiment for photon frequency down-conversion. The
experimental sketch is shown in Fig.1. The source of light
in our experiment is a femto-second Ti:sapphire laser
with a modest power (300mW) and a repetition rate
of 80 MHz. The “signal” field is directly from the laser
with a wavelength of 850 nm. The pump field is from
the attenuation of the frequency doubling of the laser.
When the two pulses are overlapping at a nonlinear crys-
tal (LiIO3) in a non-collinear fashion with a proper angle
for phase matching (Fig.1), a field with frequency differ-
ence (ωi = ωp − ωs) is generated at another direction.
In the first experiment, we check the linearity of the de-
tected “idler” field as a function of the attenuation factor
on the incoming pump field, as predicted from Eq.(5).
The result is shown in Fig.2 in logarithmic scale. It can
be seen that in a range of 2 orders of magnitude, the de-
tected signal follows well the linear dependence. The last
point at the low end is due to the limit of the detector
sensitivity. By a direct measurement of input power at
the pump and output power of the idler, we estimate the
photon conversion efficiency is about 1%. The low effi-
ciency is a result of an inefficient nonlinear crystal that
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Fig. 2. The detected signal size of the “idler” field as a
function of the attenuation factor of the pump field or
the transmission coefficient of the attenuator ATT. The
solid line is y = ax with a = 7 for best fit.
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Fig. 3. Upper trace: interference fringe between the gen-
erated “idler” field and the original laser field. Lower
trace: the ramp signal (/100) from the high voltage ap-
plied to the PZT for phase scan of the pump field.
we pulled out of shelf for the proof-of-principle experi-
ment. More efficient nonlinear materials like PPLN can
significantly improve the conversion efficiency.
According to Eq.(5), the output-input relation is that
for a beam splitter, which preserves the phase coherence.
So, we check next the phase preservation in the conver-
sion from the pump field to the “idler” field. Here, we
use the original laser as a reference and beat the gen-
erated “idler” field with a small portion split from the
laser (dashed line in Fig.1). Since the down-conversion
process that we are using is a degenerate one with
ωs = ωi = ωp/2, the generated “idler” field has the
same frequency as the laser. So, we should be able to
observe the interference effect. Fig.3 shows a trace of the
detected combined field at detector D. The phase scan
is on the pump field and is achieved by applying a ramp
voltage on a piezoelectric transducer (PZT in Fig.1). The
sinusoidal change in the detected signal shows the inter-
ference effect between the generated “idler” field and the
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Fig. 4. Single-photon wavelength division multiplexing.
laser field but with a phase dependence from the pump
field. This clearly demonstrates the coherent photon con-
version from the pump field to the “idler” field.
The frequency down-conversion scheme can be used to
create a superposition of multiple frequency components
from an input of single photon of one frequency compo-
nent, equivalent to the wavelength division multiplexing
(WDM) technique widely used in classical optical fiber
communication. Such a technique combines multiple-
wavelength components from different lasers into one
field. The source so created has different channels that
are independent of each other. So different information
can be simultaneously transmitted over a single fiber,
thus increasing the channel capacity of the fiber. In quan-
tum communication, we may apply the same multiplex-
ing technique on quantum information carriers, namely,
photons. But since quantum information requires preser-
vation of quantum superposition, different channels may
not be independent to each other. Furthermore, in quan-
tum key distribution (QKD) [25], a single-photon source
is preferred to defeat the photon splitting attack. So, for
multi-channel QKD, we need a single-photon source with
WDM. In the WDM-QKD system, we can use multi-
ple single-photon sources with different frequencies, just
like in classical optical communication. However, single-
photon sources are often from a single quantum system
such as atom or ion, which gives rise to a single frequency.
And sometimes we may also have only one such kind of
system due to limited resources.
Using the frequency down-conversion scheme dis-
cussed earlier, we can create multiple frequency com-
ponents from only one single-frequency source and im-
plement the wavelength division multiplexing technique
on single photons. The idea is to use light source of
many wavelengths as the “signal” field to drive the three-
wave mixing process (Fig.4). Due to energy conserva-
tion: ωp = ωs + ωi, the down-converted “idler” field will
have different frequencies ωi1, ωi2, ωi3, ... corresponding
to the different frequencies of the “signal” field. The
system will behave like a multiple of beam splitters for
the input pump field. If the input pump field is in a
single-photon state |1〉p, the output will be a superpo-
sition state of many frequencies: |1〉p →
∑
k ck|1ωk〉, re-
alizing single-photon wavelength division multiplexing.
The strong “signal” field of multiple wavelengths can be
from a mode-locked laser [26] where all frequency com-
ponents are coherent to each other so that the photon so-
produced is in a superposition state of different frequen-
cies. Such a wavelength division multiplexing scheme for
quantum source preserves quantum entanglement.
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